Objective: The primary objective of the study was to identify perioperative factors associated with successful immediate extubation in the operating room after adult cardiac surgery. The secondary objective was to derive a simplified predictive scoring system to guide clinicians in operating room extubation.
Perspective
Extubation in the OR after cardiac surgery is feasible and safe in selected patients. In this study, factors were identified that were independently associated with successful OR extubation after cardiac operations. A prediction score was created and validated to guide safe OR extubation practice in patients undergoing cardiac surgery.
See Editorial Commentary page 1666.
See Editorial page 1654.
It is well established that early extubation improves the quality of patient recovery and decreases resource use and healthcare costs. [1] [2] [3] [4] [5] Early extubation is not associated with increased postoperative complication rates after cardiac surgery. [6] [7] [8] [9] [10] Despite these developments, ''fast-track'' extubation after cardiac surgery remains globally poorly defined, with protocols for early extubation ranging from 6 or less hours to 24 hours postoperatively. 1, 6, [10] [11] [12] Prior investigations to determine predictive risk factors for prolonged postoperative mechanical ventilation have largely focused on extubation after transfer to the intensive care unit (ICU). [13] [14] [15] [16] [17] Immediate extubation in the operating room (OR) after cardiac surgery remains a controversial and infrequent practice, often reserved for highly limited patient populations and procedures. [18] [19] [20] [21] Recent experience has demonstrated the safety and efficacy of OR extubation in adult cardiac operations, with significant cost-effective outcome improvements. 22 The objectives of this study were to (1) identify preoperative and intraoperative characteristics associated with successful immediate extubation in the OR after adult cardiac operations and (2) create an OR extubation prediction score to guide safe OR extubation.
MATERIALS AND METHODS
This retrospective cohort study was reviewed by the institutional Quality Improvement Review Committee and approved as a Quality Improvement Project, and waiver of consent was granted. All preoperative and operative variables were collected without exclusion from our institutional Society of Thoracic Surgeons (STS) database version 2.73. Additional intraoperative anesthetic and procedural variables not otherwise recorded by the STS database were obtained from the electronic anesthesia record.
Patient Population
A total of 1518 patients (aged>18 years) underwent cardiac operations between January 1, 2012, and June 30, 2014 , at a single academic institution. Before January of 2012, OR extubation was limited to minimally invasive procedures. OR extubation protocols were implemented for all nonemergency open cardiac surgical procedures commencing in January of 2012. An electronic medical recording system for anesthesia documentation also became fully functional in January of 2012. This cohort study was planned and approved as a quality-improvement project in 2014 to study patients undergoing cardiac surgery between January of 2012 and June of 2014.
Patients meeting the following clinical criteria were excluded: emergency status, cardiogenic shock, acute bacterial endocarditis, deep hypothermic circulatory arrest, cardiac transplantation, ventricular assist device placement, or transcatheter aortic valve replacement. One patient was excluded because of an incomplete electronic anesthesia record. Urgent status and all other operations, including reoperations, were included. The final study cohort included 1198 patients. A Consolidated Standards of Reporting Trials flow diagram illustrating patient inclusion and exclusion is provided in Figure 1 .
Anesthesia and Extubation Protocol
All patients in the study cohort underwent a standardized fast-track cardiac anesthetic protocol for induction, maintenance, and emergence. 22 Informed consent for anesthesia was obtained preoperatively from all patients. A dose of intravenous midazolam ranging from 1 to 2 mg was administered in the preoperative holding area or on arrival to the OR. Patients undergoing a thoracotomy approach received intrathecal morphine 0.2 to 0.5 mg for postoperative analgesia provided there were no contraindications to central neuraxial blocks (eg, therapeutic anticoagulation). Intrathecal analgesia was administered immediately before anesthetic induction with the patient in the sitting position after confirmation of cerebrospinal fluid aspiration through a 22-or 25-gauge spinal needle.
After the placement of intrathecal morphine, but before induction, all patients were placed in the supine position, American Society of Anesthesiologists standard monitors were applied, and an invasive arterial line was inserted using local anesthesia. Anesthetic induction medications (propofol, etomidate, ketamine, and midazolam) and their doses were individualized according to the patient's age, weight, and associated comorbid conditions. A limited dose of intravenous fentanyl (50-100 mg) was administered during induction of anesthesia. Additional fentanyl was administered during incision, sternotomy, and aortic cannulation as required. Hemodynamics and bispectral index were used to guide anesthetic administration. Protocolized dose ranges of commonly administered anesthesia medications in our fast-track protocol are shown in Table E1 . Dose ranges served only as guidelines, and anesthesiologists were allowed to administer additional doses of drugs (midazolam and fentanyl) beyond the listed range per their clinical judgment. The extent of neuromuscular blockade was monitored closely using a peripheral nerve stimulator in the periorbital area throughout the course of the procedure, with the intent to reverse the blockade on completion of surgery.
On reversal of neuromuscular blockade, all patients were assessed for appropriateness of extubation in the OR before ICU transfer. Extubation guidelines for cardiac surgery included (1) hemodynamic stability with minimal vasopressor or inotropic support; (2) awake and able to follow simple commands; (3) adequate muscle strength and respiratory effort; (4) vital capacity greater than 25 mL/kg; (5) tidal volume greater than 5 mL/kg; (6) end tidal CO 2 less than 50 mm Hg; (7) no significant metabolic acidosis; (8) normothermia; and (9) absence of significant mediastinal bleeding or coagulopathy. A Standard Wright Spirometer was not used for measuring vital capacity. Assessment of vital capacity was simply done by asking the patient to take a deep breath and measuring the maximum tidal volume on the anesthesia machine. Patients not fulfilling these criteria were given low-dose propofol or dexmedetomidine sedation for the duration of ICU transport.
After an initial ICU assessment, weaning from mechanical ventilation was initiated according to an institutional nursing and respiratory therapy-driven fast-track ICU extubation protocol, with a goal of extubation within 4 hours of ICU arrival. Extubation criteria similar to those used in the OR were used in the ICU. Postoperative analgesia was provided with acetaminophen, limited intravenous opioid analgesics, or oral oxycodone as appropriate.
Data Collection and Statistical Analysis
Preoperative variables were collected retrospectively from our institutional STS version 2.73 adult cardiac surgery database for all 1198 patients. Intraoperative clinical and anesthetic procedural variables were collected from the electronic anesthesia record. For descriptive purposes, preoperative and intraoperative characteristics are summarized as median (range) for continuous variables and frequency (%) for categoric variables (Tables 1 and 2 ). Comparisons between patients extubated successfully in the OR versus those extubated in the ICU were performed using Wilcoxon rank-sum tests for continuous variables and chi-square tests for categoric variables.
Multivariable logistic regression was used to develop 2 prediction scores for successful OR extubation. The first model uses only preoperative patient characteristics (all variables listed in Table 1 ), whereas the second model includes both preoperative and intraoperative characteristics (the same variables in Table 1 plus all those listed in Table 2 ). For model derivation, 800 patients were randomly selected and assigned to the model derivation set; the remaining 398 patients were assigned to the model validation set. On the derivation set of 800 patients, we performed multivariable logistic regression with a forward stepwise selection algorithm; independent variables were entered into the model if they were found to have a P value less than .10 on multivariable analysis, with P less than .10 also the threshold to remain in the prediction model at subsequent steps. Because of the rigorous data collection in the STS Adult Cardiac Surgery Database, missing data were rare (<0.5% of data points were missing). We used mean imputation for variables with small amounts of missing data (<5% of patients); any variables with missing values for more than 5% of patients were eliminated from consideration for multivariable analysis. In the model(s), a positive b-coefficient (odds ratio >1) indicates a characteristic that is associated with higher odds of successful OR extubation, whereas a negative b-coefficient (odds ratio <1) indicates a characteristic that is associated with lower odds of successful OR extubation. The b-coefficients from the predictive model in the derivation set were used to assign points for the OR extubation score; point assignment was carried out using an algorithm based on the b-coefficients for each risk factor, previously described by the Framingham Heart Study investigators. 23 The points associated with each risk factor were then added to create an aggregate risk score. The model-based score derived from the derivation set was then applied to the validation set to assess the performance of the model on novel cases; the predictive ability of scoring system was assessed using c-statistics, and the c-statistics of different models were compared using likelihood ratio test. All statistical analyses were conducted using SAS version 9.4 (SAS Institute, Inc, Cary, NC).
RESULTS
Preoperative patient characteristics (Table 1 ) and intraoperative variables (Table 2) are summarized between the 2 groups (successful OR extubation vs ICU extubation). Many preoperative factors and intraoperative variables were statistically different between the 2 groups. Multivariate logistic regression analysis was carried out on the derivation set of 800 patients to identify the predictors of successful OR extubation and create an OR extubation prediction score based on only preoperative patient characteristics as the first step. Table 3 summarizes the preoperative factors that were independently associated with higher probability of OR extubation: younger age, lower body mass index, absence of diagnosis of chronic lung disease (CLD) and diabetes, surgical approaches other than full sternotomy, preoperative albumin more than 4 g/dL, isolated coronary artery bypass grafting (CABG), and elective operational status. Regression coefficients from the logistic model were translated into a simplified scoring algorithm, shown in the final column of Table 3 ; higher (positive) point values were assigned to those characteristics associated with a higher likelihood of successful OR extubation. When tested on the validation set of 398 patients (who were not included in the set that derived the score), the score demonstrated a strong relationship with probability of successful OR extubation (Figure 2, A) . In particular, patients with scores equal to or less than zero had extremely low probabilities of successful OR extubation; as scores increase from þ1 up to þ7, there is a progressive increase in the probability of successful OR extubation. The sensitivity and specificity of each threshold are shown in the last 2 columns of Table E2 . The receiver operating characteristic curve showed that the model fitted well, with a C-statistic of 0.833 on the derivation set and 0.820 on the validation set ( Figure 3, A) . We repeated the same process to create a second version of the score using both preoperative and intraoperative characteristics; these results are summarized in the same format in Table 4 . Table 4 shows the components of the score, which now includes the total dose of fentanyl and the use of multiple inhalational agents (isoflurane administered before and during cardiopulmonary bypass [CPB] and then switched over to desflurane or sevoflurane after weaning from CPB). The use of lower doses of fentanyl and the use of multiple inhalational agents were associated with higher probability of OR extubation in addition to other preoperative variables. The performance of the score is illustrated in Figure 2 , B, and described in Table E3 . These results once again show that patients with scores below zero have minimal probability of successful OR extubation and then a progressive increase with scores in the positive range. The receiver operating characteristic curve for the model with both preoperative and intraoperative characteristics is shown in Figure 3 , B; the C-statistic for this model was 0.877 on the derivation set and 0.868 on the validation set. The differences in C-statistic (Table E4 ) between the 2 scoring models (0.833 with model 1 [preoperative characteristics only] vs 0.877 with model 2 [preoperative þ intraoperative characteristics] on the derivation set; 0.820 with model 1 vs 0.868 with model 2 on the validation set) were statistically significant (P <.01 for both the derivation and validation sets), suggesting that adding intraoperative characteristics improves the predictive ability of the model.
DISCUSSION
Extubation in the OR after adult cardiac operations is currently not widely practiced in cardiac surgery. The study aids clinical decision making by providing a validated prediction score for successful OR extubation.
Specifically, patients with a score less than zero (on the preoperative or preoperative þ intraoperative score) are unlikely to be candidates for OR extubation, whereas patients with increasingly positive scores show progressively better probabilities of successful OR extubation. Patients with scores more than 5 are good candidates for extubation and should be encouraged within the comfort of the clinician. For scores between 0 and 5, successful OR extubation remains a possibility in some patients; however, a determination should be based on the experience and judgment of the clinician. Extubation in the OR for suitable patients avoids discomfort from prolonged intubation and ventilation, avoids administration of unnecessary sedation medications, and may help to maintain better hemodynamics in an awake, spontaneously breathing patient. Previous studies have attempted to identify clinical factors that are associated with safe extubation in the OR in both selected and unselected cardiac surgical populations. [24] [25] [26] [27] [28] [29] [30] [31] Anesthesia drugs and techniques used vary among those clinical trials, but they all have a common objective of extubation at the end of surgery. Regional analgesia (thoracic epidural 19 and paravertebral blocks 30 ), total intravenous anesthesia 32 (remifentanil, propofol), and short-acting inhalation anesthetics (sevoflurane and desflurane) 31 have been used to facilitate recovery and extubation on the operating table. Longacting muscle relaxants, high dose of opioids (defined as fentanyl >20 mg/kg), and benzodiazepines such as midazolam are commonly avoided, especially in elderly patients. 23, 24, 26, 27, 31 Intrathecal morphine was used in patients undergoing thoracotomy in our study. We did not use other neuraxial blocks or total intravenous anesthesia. The individual anesthesiologist's practice guided the choice and dose of anesthesia drugs within the institution's fasttrack protocol (Table 1) . Protocol-driven approaches dramatically improved early extubation performance. 33 Probst and colleagues 34 reported that a specialized postanesthesia care unit improved the time to extubation and transfer to a step-down unit without compromising patient safety after cardiac surgery. We cannot comment on the utility of postanesthesia care unit-based postoperative care for patients who are already extubated in the OR because all of our cardiac surgical patients in the current study recovered in the ICU by institutional policy. However, such a model is planned for future research.
Rodriguez-Blanco and colleagues
27 evaluated the factors associated with safe OR extubation in 272 consecutive patients after cardiac valve surgery. Maintenance of pulmonary perfusion and ventilation during CPB and lower duration of bypass predicted successful OR extubation in their multivariable model. None of the preoperative variables predicted OR extubation, and maintenance of perfusion and ventilation during CPB used in their study is not a common practice in cardiac surgery. Another study from the same group previously identified off-pump procedures, history of hypertension, preoperative ejection fraction greater than 30%, and shorter surgical duration as predictors of successful OR extubation in 372 patients undergoing all cardiac operations. 26 Borracci and colleagues 31 have shown that the Age, Creatinine, and Left Ventricular Ejection Fraction score was the only independent variable associated with OR extubation in 275 elderly patients (>70 years) undergoing cardiac surgery. The majority of prior studies focused on a selected cardiac surgical population, involved a smaller sample size, and included a limited set of perioperative variables. [26] [27] [28] [29] [30] [31] [32] The current study included all elective and urgent cardiac surgical procedures (on-and off-pump CABG, redo operations, isolated and multiple valve surgery and combined valve/CABG procedures, and sternotomy and thoracotomy approaches) representative of contemporary practice, and a comprehensive list of all preoperative and intraoperative variables from the STS database for association with OR extubation was examined. In addition to all STS variables, intraoperative anesthesia management data were included in the analysis unlike in previous studies, because anesthetic drug choice and dosages can significantly influence emergence after cardiac surgery. To our knowledge, this is the most systematic study performed to identify preoperative and intraoperative factors that are independently associated with successful OR extubation in a generalized, unselected cardiac surgery population.
In a large, nonrandomized, observational study, Chamchad and colleagues 24 evaluated several perioperative variables (demographic data, preoperative medical status, left ventricular function, operative events, and procedure times) and identified predictors of failed OR extubation. The anesthesia technique used was similar to that used in the current study (propofol, rocuronium, intermittent fentanyl, and inhalational anesthetics). In the current study, we included additional important intraoperative variables in the model, especially anesthetic drug doses, transfusions, fluids administered, inotropic and vasopressor requirement, and postbypass ventricular function. Patients extubated in the OR received lower doses of fentanyl and shorter-acting inhalational anesthetics (desflurane and sevoflurane) in the postbypass period. Few anesthesiologists prefer administration of isoflurane before, during, and after bypass, whereas others switched to sevoflurane during the postbypass period in an effort to facilitate extubation in the OR. We attempted to determine whether such changes in practice made any difference in extubating patients in the OR. Switching to shorter-acting sevoflurane seems to facilitate extubation in the OR, although we cannot rule out bias from the anesthesia providers that they switched over to sevoflurane in patients with a higher likelihood of successful OR extubation.
Adding intraoperative variables improved the performance of the OR extubation prediction score in this study. Clinicians should make decisions regarding OR extubation at the end of surgery after evaluation of preoperative patient characteristics, intraoperative anesthetic drug doses, and surgical course. This complex interplay of factors is the basis for formulating a scoring system representing all significant perioperative variables to guide the decision-making process for OR extubation. The scores were developed with a derivation dataset of 800 patients and demonstrated good predictive ability on a separate validation dataset of 398 patients. The scores behave particularly well at the extremes, identifying subgroups of patients with very low probability of successful OR extubation (patients with scores 0) and patients with very high probability of successful OR extubation (patients with scores near the top end of the range). Clinician experience and preference will still play a large role in decision making for patients in the middle zone of the scoring system.
Preexisting hypoalbuminemia was found to be an independent factor negatively associated with OR extubation. Low serum albumin could be a proxy for concurrent nutritional status and clinical frailty. Likewise, diabetes may reflect end-organ dysfunction, atherosclerotic disease, and other associated comorbid conditions. CLD and mediastinal radiation were predictors of delayed extubation when only preoperative characteristics were considered in the model, but they were not significant when intraoperative factors were included in the model. CLD may be of variable severity, and in this study, less than 5% of population with CLD had severe enough disease to require home oxygen therapy.
Patients undergoing full conventional sternotomy were extubated less often than patients undergoing cardiac operations performed through other approaches, such as thoracotomy. This may be explained by the use of minimally invasive surgical incisions and intrathecal morphine for analgesia in patients undergoing thoracotomy. In univariable analyses of the derivation set, the patients undergoing isolated mitral valve repair/replacement (MVRR) had higher successful OR extubations (65%) than the patients undergoing isolated CABG (27%). On further examination of each individual covariate as a potential confounder, we determined that the addition of ''elective versus urgent'' had the greatest effect on these estimates, most likely because of the isolated MVRR procedures that were elective, which ''flipped'' the direction of the univariable effect. Patients undergoing isolated MVRR are more likely to be extubated in the OR than those undergoing isolated AVR procedures. This may simply reflect the presence of more severe comorbidities in patients with aortic stenosis because of relatively advanced age at the time of surgery.
Study Limitations
The limitations of the present study include those of all large single-center retrospective studies. First, although all cardiac surgical patients during this period were treated in the same protocolized extubation pathway, anesthesiologist-or surgeon-specific preferences for OR extubation could not be controlled for. Second, logistic factors limiting OR extubation, such as procedures extending into late evening and pressure to start another operation in the same room, could have played a role for some patients in this retrospective study. Third, given the small number of patients (n ¼ 5) requiring reintubation, this study was not powered to identify patient characteristics associated with initial OR extubation and subsequent early reintubation. Three patients who underwent minimally invasive MVRR required reintubation for hypoventilation and hypercapnic respiratory failure shortly after arrival in the ICU. Postoperative neurologic dysfunction after off-pump CABG and acute pulmonary edema after the MAZE procedure were the other 2 reasons for reintubation in this study. Finally, this cohort was split into groups to perform a derivation set and a test set for validation. Although the score performed well in the validation set, a large prospective validation study with patients recruited from multiple centers will be ideal to prove the utility of this prediction scoring system.
CONCLUSIONS
We report independent factors associated with successful OR extubation after adult cardiac operations. A simplified preoperative and operative scoring system to predict successful OR extubation is outlined. This scoring system may be a reasonable reference point to aid programs with commencement or refinement of their practice of immediate OR extubation.
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